Abstract: Since the concept that inverters can be controlled to behave like a synchronous generator has been proposed, the virtual synchronous generator (VSG) started to become the mainstream control of distributed energy resources connected distributed system. This concept simulates the frequency and voltage regulation of synchronous generator to improve the overall stability of the medium-and low-voltage power system. Although significant research works have considered the application of VSGs in active and reactive power sharing, it seems to be that the issue of the proportional power sharing of VSGs of different capacities has not considered much in the previous works, especially when the distribution lines have increased resistive components. Such resistive disturbs the power flow and causes the power coupling. When focusing eyes on the parallel operation, VSGs need to coordinate parallel operation to increase the microgrid power quality, reliability, and for easy maintenance. Based on an improved droop control and virtual complex impedance, this study adjusts PI controller parameters to implement the proportional power sharing and decoupling for VSGs of different capacities. Simulation results are shown to verify the feasibility and validity of the control method.
Introduction
With the large-scale penetration of distributed energy resources (DERs), the number of power-electronic inverters increases in order to interface such resources with the grid. Thus, a high-quality power can be injected into the grid. In the past, most energy has generated by synchronous generators. Compared with the DERbased inverter, the synchronous generator provides enough damping and inertial support to the grid frequency, while the DERbased inverter is controlled only to follow the grid frequency because it has no inertia due to its character of static equipment. So with higher and higher integration of DERs, the power system becomes unstable [1, 2] . To solve this problem, inverter needs to be controlled to behave like a synchronous generator and exhibit some of its inertial and damping properties. The concept that inverters are controlled to behave like a synchronous generator is called virtual synchronous generator (VSG). VSG is one of the key control techniques for improvement of the distribution system. [3] [4] [5] . Now, the VSG has started to become the mainstream control of DERs connected distributed system. The parallel operation of multi-VSGs has become a focus of research. In continuation, the integration of VSG has increased the flexibility of the distribution system, since it established by using the well-known synchronous generator model [6] [7] [8] [9] . Due to the VSG principle, traditional technologies, which have been successfully deployed to manage the parallel operation of synchronous generators in the highvoltage power grid, can be employed effectively to VSGs working in medium-and low-voltage grids; however, a technology to fulfil independent control of the active and reactive power is needed [10] [11] [12] [13] .
Under the parallel operation, accurate load sharing, voltage regulation, proper current distribution and synchronisation of frequency, amplitude and phase at the VSGs output can be achieved for the reliable and stable operation of the system. As VSG basically is an inverter just controlled in a specific manner, we can benefit from the research being done in the field of inverters, because limited work has been made related to the multi VSGs [1, 14] . They pointed out that, the inverter's output impedance could play an important role in the power sharing. In addition, the parallel operation of inverters can be affected by the load sharing capability and the total harmonic distortions. In the same context, in [15] , it is proved that, in order for parallel inverters to share the power in proportion to their capacities, inverters should have the same output impedances if the control is based on the droop method.
Usually, the line impedance is more inductive, but it is normal to find that the droop control method fails to achieve the proportional sharing of the reactive power under the influence of the inverter's line inductances mismatching. Thus, several control strategies, aiming at control of active and reactive power sharing in proportion, have been recognised in research. In [16] , a method has been proposed based on the improvement of existing droop control strategy to achieve decoupling of reactive power and the line impedance, and hence realise proportion power sharing. The article has put forward a new way to deal with the proportional power sharing issue. However, with the increasing of the line resistive component, a coupling between the active and reactive power is observed.
In terms of modelling and analysing of multi VSGs, some approaches have been documented. For example, article [17] built a simplified transfer function model of paralleled VSGs. Then the model was used to study the microgrids with multiple VSGs in both grid-connected mode and islanded mode. The article investigated the frequency, phase and power response of ac bus and VSGs. It also analysed in detail the influences of inertia and gridside inductance, which showed dynamic characteristics of paralleled VSGs. Furthermore, when the inverter-based VSG control strategy is adopted the power sharing performances of the microgrid inverters are improved more obviously than those using the droop control strategy only [18] . An interesting controller was proposed in [19] for connecting the parallel system to the grid. However, it proved the effectiveness of the method only in the case of the parallel system of the same capacity of VSGs. If the results of a parallel system of the different capacity of VSGs could be confirmed, it would provide enough data for the researchers.
On the basis of related literature, this paper adjusts PI controller parameters and designs a virtual complex impedance loop for VSGs of different capacities in order to achieve proportional power sharing and make the control of the power flow decouples. This paper is organised as follows: in Section 2, the VSG concept is presented. In Section 3, the parallel system of VSGs is analysed. Then, the limitations of the droop control method are briefly described in Section 4. The controller is presented in Section 5. Then, the method is evaluated through simulation results in Section 6. Finally, the conclusion is stated in the last section. Fig. 1 shows the controlling diagram of an inverter based on VSG control. The main circuit in this diagram uses a DER such as solar and wind energy as driving power, and it is equivalent to the primemover. The three-phase voltage source inverter interfaces the DER with the grid. According to the operating voltage level, the impedance of the line between inverter and point of common coupling (PCC) might be inductive, resistive or complex. The control signals are the output voltage and current. The reference voltage is generated as a control signal of the voltage tracker. A quasi-proportional-resonant (quasi-PR) controller is adopted to ensure zero steady-state error. Then, the round-rotor model of the synchronous generator is used as the core of inverter controller [20] 
VSG control
where J is the virtual inertia, T m and T e are mechanical and electromagnetic torques, respectively, ω is the mechanical angular velocity of VSG, ω g is the grid angular velocity, θ is the electrical angle, E is the electromotive force, V is the output terminal voltage, I is the stator current, R s is the armature resistance, X s is the synchronous reactance, and D is the damping coefficient [21, 22] .
Similar to synchronous generators, VSGs use the same frequency-active power (P-f) and voltage-reactive power (Q-V) droop control method, which is described as follows [12] :
where P ref and Q ref are the rated active and reactive power, respectively, P and Q are the output active and reactive power of VSG, ω 0 is the rated angular velocity, V 0 is the reference voltage amplitude, m is the frequency droop coefficient, and n is the voltage droop coefficient. Fig. 2 shows the block diagram of the frequency control and virtual inertia control of VSG. In which frequency dynamics can be determined by droop characteristic. With appropriate droop characteristics, the load can be shared among VSGs. 
Power analysis of parallel VSGs
In this section, the output power of a VSG is formulated at first and the power-line impedance relationship is analysed. Consider the system shown in Fig. 1 , the output power of a VSG can be expressed as in (3), where R, X, and V g are line resistance, line reactance, and the ac bus voltage. δ is the phase difference between V and V g [9] 
The expression in (3) describes the relationship between the output power of inverter and the line impedance. For better understanding, we use the system shown in Fig. 4 as an example. In this system, two VSGs are supplying a common load in a ratio of k:1. Generally, in high the voltage system, the line is mainly inductive, which means X≫ R. In addition, by considering δ is smaller enough, so that sin δ ≃ δ and cos δ ≃ 1, the formula (3) can be rewritten as [23, 24] 
According to (4) , there exists a strong coupling between the active power and phase (frequency), reactive power and voltage, respectively. Through adjusting the frequency and voltage, the output active power and reactive power are controlled separately. This control concept has been demonstrated in (2) .
According to (2) , in order for VSGs to share the load in proportion to their capacities, the droop coefficients should be in inverse proportion to VSG's capacities [25] That is to say, the frequency and the voltage have to be the same for both of the VSGs. In actually, the condition in (5) is easy to hold since the frequency is a global signal. However, the voltage is not always the same because the line impedances are not always just inversely proportional to the capacities. So it is impossible to realise accurate reactive power sharing with uncontrollable line impedance in actual. So a control strategy is required to enable the condition in (6) being held regardless of the power-line impedance relationship.
Analysis of traditional droop control limitations
This section describes that sometimes the droop control is not applicable and the method needs to be improved. In case of the medium and low-voltage microgrid, the line impedance is complex; the total impedance includes the equivalent output impedance of the source and the line impedance of the network, which results in coupling between the active and reactive power output when the P-f and Q-V droop control method is used. This power coupling can be observed clearly when linearising (3) around the equilibrium point [26] 
As a result, both active power and reactive power change with adjusting the frequency or the voltage. Thus, the power coupling must be avoided, because it causes instability of the power control [27] and reduces the dynamic performance and stability of the system [28] .
Controller design
In this section, the improved droop control with PI controller is introduced to improve the power sharing accuracy. Then, the virtual complex impedance is introduced in Section 5.2.
Proportional power sharing of parallel VSGs
In order to deal with the problem of reactive power sharing, the control method shown in Fig. 5 has been proposed. The method carefully adjusts two PI controllers in the excitation control loop. PI1 is used to ensure V 1 = V 2 . Since the bus voltage is required to be kept constant, PI2 is used. The output of PI2 is used as an input to PI1 to guarantees n 1 Q 1 = n 2 Q 2 . Thus, the proportional reactive power sharing is ensured [16] .
The diagrams in Figs. 2 and 5 exploit the power measured at the VSG terminal and produce the phase and amplitude commands of the reference voltage.
Although the proposed method could assurance proportional power sharing, it cannot assurance independent control of the active and reactive power. Thus, the effect of the line impedance parameters on the power sharing accuracy has to be addressed separately.
Consideration of coupling of line resistance
In this paper, virtual complex impedance method is used to decouple the active power and reactive power flow control.
The virtual complex impedance comprises of both the virtual resistor and virtual inductor [13, 27, 29, 30 ]
where ω V is the cut-off frequency of the low-pass filter which is used to avoid high-frequency noise of the time derivative of the output current, R V is the virtual resistive, and L V is the virtual inductive.
The closed loop control of VSG with virtual complex impedance is shown in Fig. 6 . Fig. 6 illustrates as well the voltage controller and current controller, which used to ensure zero steadystate error and regulate the output voltage of the VSG. Before adding the virtual impedance, it is important to examine the inherent output impedance of the VSG. By block diagram reduction, the output impedance of the VSG can be derived and expressed in the frequency domain as follows:
where G PR and G P are the gain of the voltage and current regulators. Fig. 7 shows the frequency-domain Bode diagram of the output impedance by the parameters listed in Tables 1-3 . As can be seen in Fig. 7a , around the fundamental frequency, the impedance is absolutely inductive. If we consider the line impedance Z, which equal to R + L s , the output impedance seems more resistive in the frequency range of interest as shown in Fig. 7b . In this situation, the operation of the droop control will be disturbed and the power coupling will be observed.
By the virtual impedance design, more inductive behaviour can be produced as shown in Fig. 7c . By selecting R V equal to R, the total system impedance becomes inductive and the active and reactive power decouples. However, in this case, the system may become unstable if the line parameters perturbed. So, for achieving the power decoupling without affecting the stability of system, The Quasi PR structure which has shown in Fig. 8 is added to increase the range of R V [28, 29] , where K p and K r are, respectively, the proportional and resonant coefficients of the PR control, which have designed such that: K p = 0.6 and K r = 0.4. For ω 0 and ω c , the values have chosen equal to 3.14 and 314.16, respectively. The root locus plot for the output impedance is shown in Fig. 9 . According to the fact that, the system stability is directly related to the position of the roots, it can be observed that all the roots are located in the left half of the s-plane, which means that the system is stable. The system has two conjugate roots and five real roots.
Simulations
In order to test the new method, two VSGs are connected in parallel to supply a common load of 45 kW/15 kVar through LC filters and complex lines. Assume that the capacity of VSG2 is twice that of VSG1. Frequency and voltage droop coefficients are inversely proportional to capacities of the VSGs. Parameters for 
14 - simulations are shown in Tables 1-3 . The system in simulation runs under isolating mode. Two scenarios A and B are simulated.
Case A
In this case, it is assumed that the distribution lines connecting VSGs to PCC are mainly inductive. As discussed previously, the line impedances are not always just inversely proportional to the capacities, we assume that L 1 = L 2 = 0.65 mH. Then, the results are obtained to verify the effectiveness of the proposed power sharing method.
The results are plotted for the active and reactive power as shown in Fig. 10 . At the beginning, the active power has been well shared; whereas the reactive power has not been shared in proportion. However, when the method is activated both the active and the reactive power are shared as the pre-set 1:k. This illustrates that the method is efficient when the impedances of the lines are mostly inductive, as in the case of the high-voltage microgrid. However, when the resistive component of the line increases, the coupling issue rises. This coupling deteriorates the accuracy of the power sharing.
Case B
As discussed previously, the resistive environment of the system could affect the output reactive power, which may result in affecting the power allocation of the DERs. So, in this case of simulation, we consider that the two VSGs are working in parallel with mainly resistive distribution lines and the simulation parameters of the line and the virtual impedance can be found in Table 3 . Fig. 11 shows the result of this case. From t = 0 to 1 s, the result is the same as in case A except that in case B the virtual inertia is smaller compared with that in case A. Overall, the response is quick when the inertia is small.
When the active load increased at t 2 , only the active power output has changed while the reactive power is not. When the reactive load stepped at t 3 , only the reactive power has changed. As a conclusion, the virtual complex impedance accurately decouples the active and reactive power flow. In addition, by reducing the value of the virtual inertia, oscillations can be reduced and better waveforms can be obtained.
The next results are obtained in order to test the performance of the VSG after adopting the control method. To show the VSG characteristics, the frequency response to inertia changes and the frequency response to damping factor changes are plotted. Fig. 12 shows a clear picture of frequency response to inertia change. The smaller the value of inertia is, the faster the system response is. Fig. 13 shows the effect of the damping torque on the frequency response. As result, in order to decrease the oscillation amplitude, it is better to increase the damping torque. Fig. 14 shows the P-f and Q-V droop properties of the VSG. From Fig. 14b , it can be seen that the output voltage is lower than the set-point, that because there is no mechanism to increase the voltage set-point in the VSG because it is based on the traditional droop control scheme. However, the proposed method can keep the voltage steady at 220 V as shown in Fig. 15 . Which means the method compensates for the voltage drop caused by the line impedance.
Case of three paralleled VSGs
The control method of Section 5.1 can be adapted to three or more VSGs working in parallel. As shown in Fig. 16 , three VSGs are connected to a common load through three lines with the same resistance value (R = 0.64 Ω). The other parameters are specified in Table 4 . Then, a simulation is carried out to verify the feasibility. The result is shown in Fig. 17 . As can be seen, the VSG which is large relatively shares more active power and reactive power than the small one.
Conclusion
In this paper, the issue of the proportional power sharing between VSGs of different capacities is addressed, considering the impact of the existence of the line resistive and inductive components. Based on an improved droop control and virtual complex impedance, this paper effectively adjusts two PI controller parameters and implements the proportional power sharing and decoupling for VSGs of different capacities. 
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